Black carbon (BC) aerosol is a significant, short-lived climate forcing agent. To further understand the effects of BCs on the regional climate, the warming effects of BCs from residential, industrial, power and transportation emissions are investigated in Asian regions during summer using the state-of-the-art regional climate model RegCM4. BC emissions from these four sectors have very different rates and variations. Residential and industrial BCs account for approximately 85% of total BC emissions, while power BCs account for only approximately 0.19% in Asian regions during summer. An investigation suggests that both the BC aerosol optical depth (AOD) and direct radiative forcing (DRF) are highly dependent on emissions, while the climate effects show substantial nonlinearity to emissions. The total BCs AOD and clear-sky top of the atmosphere DRF averaged over East Asia (100-130°E, 20-50°N) are 0.02 and + 1.34 W/m 2 , respectively, during summer. Each sector's BC emissions may result in a warming effect over the region, leading to an enhanced summer monsoon circulation and a subsequent local decrease (e.g., northeast China) or increase (e.g., south China) in rainfall in China and its surrounding regions. The near surface air temperature increased by 0.2 K, and the precipitation decreased by approximately 0.01 mm/day in east China due to the total BC emissions. The regional responses to the BC warming effects are highly nonlinear to the emissions, which may be linked to the influences of the perturbed atmospheric circulations and climate feedback. The nonuniformity of the spatial distribution of BC emissions may also have significant influences on climate responses, especially in south and east China. The results of this study could aid us in better understanding BC effects under different emission conditions and provide a scientific reference for developing a better BC reduction strategy over Asian regions.
Introduction
Black carbon (BC) aerosols have significant effects on climate at both regional and global scales due to the direct, semi-direct, indirect and snow albedo effects of BCs (Twomey 1974; Albrecht 1989; Forster et al. 2007; Flanner et al. 2007; Zhuang et al. 2010; Wang et al. 2011; Wilcox 2012; and others) . Although the CO 2 greenhouse effect is substantially offset by scattering aerosols (Kiehl and Briegleb 1993) , this effect could be enhanced by BCs. The BC potential warming effect played an important secondary role in global warming, preceded only by CO 2 (Jacobson 2002) . Furthermore, the atmosphere can become more unstable due to low-level convergence and upward motion anomalies induced by BCs (Randles and Ramaswamy 2008) , subsequently resulting in changes in dynamic and hydrologic fields (Menon et al. 2002; Zhuang et al. 2013; Wang et al. 2015) .
East Asia is dominated by the East Asian monsoon (EAM) during both summer and winter (Wang and Lin 2002) . Changes in the East Asian summer monsoon (EASM) mostly induce variations in the thermodynamic fields of the atmosphere and precipitation, which may further affect air quality (Zhu et al. 2012 ) and lead to meteorological disasters (such as floods and droughts) (Ding and Chan 2005; Wang et al. 2008) . In addition to natural factors , anthropogenic aerosols also have influenced the regional climate in East Asia to some extent (Guo et al. 2013; Zhou et al. 2014; Song et al. 2014; Wang et al. 2015) .
Both observational and simulation-based studies have revealed that BCs are much more effective at reducing the amount of short wave solar radiation that reaches the surface than scattering aerosols, although the loadings are an order of magnitude smaller (Forster et al. 2007; IPCC 2013; Bond et al. 2013; Zhuang et al. 2014; Li et al. 2016a ). However, at the top of the atmosphere (TOA), BCs could exert a very positive direct radiative forcing (DRF), ranging from 10 −1 on a global scale to 10 0 W/m 2 in polluted urban areas (Zhuang et al. 2013; IPCC 2013; Zhuang et al. 2014) . Bond et al. (2013) indicated that the global mean BC DRF in several models should be + 0.71 W/m 2 . Zhuang et al. (2014) suggested that the BC DRF in urban areas of east China is approximately + 4.5 W/m 2 under clear-sky conditions. BCs from anthropogenic emissions in China were estimated to exceed 25% of global emissions (Streets et al. 2001 ). The national mean DRF was estimated to be 1.22 W/m 2 (Li et al. 2016a ). In addition to the warming effect, aged BCs may affect the cloud microphysics, leading to a decrease in the single scattering albedo (Chuang et al. 2002) and exerting a positive forcing at the TOA (+ 0.07 W/m 2 over China). Therefore, the negative TOA DRF of scattering aerosols is greatly offset by BCs (Zhuang et al. 2018a ). The BC-induced changes in solar radiation will further adjust the atmospheric thermodynamic field and the hydrologic cycle (e.g., Lohmann et al. 2000; Kristjánsson 2002; Qian et al. 2003; Cook and Highwood 2004; Wu et al. 2008; Bollasina et al. 2008; Zhuang et al. 2010; and others) . South Asian BC may be advantageous to the Indian monsoon transition between active and inactive periods (Manoj et al. 2011) . Additionally, East Asian BCs may favour EASM circulation development Zhuang et al. 2018b ). The local warming effect due to BCs can further cause regional droughts and floods over East Asia (Menon et al. 2002; Zhuang et al. 2013; and others) . Menon et al. (2002) indicated that summer precipitation over the last five decades of the 20th century have increased in southern China and decreased in northern China due to increasing BC emissions in Asia. , and Meehl et al. (2008) suggested that if the absorption of aerosols (including BCs) increases, the Indian summer monsoon circulation will be intensified and the rainy season will advance, resulting in increased precipitation in south Asia and decreased precipitation in East Asia. Additionally, the BC warming effect can alter the atmospheric stability (Randles and Ramaswamy 2008; Ding et al. 2016; Li et al. 2016b) . All these studies have illustrated the importance of BCs to regional climate, especially in high BC regions or in sensitive climate system areas.
With rapid economic and population growth over the last three decades in East Asia, China has suffered serious air pollution in recent years in association with high-level emissions of aerosols (including BCs) and trace gases (Cao et al. 2006; Zhang et al. 2009a; Li et al. 2017) . Studies indicate that BCs may have significant contributions to heavy haze episodes (Ding et al. 2016) . Observations in China showed that annual mean surface BC concentrations were larger than 10 μg/m 3 in highly polluted urban areas and were as large as 4 μg/m 3 at rural sites (Zhang et al. 2008 (Zhang et al. , 2012 . The absorbing aerosol optical depth (AAOD) could exceed 0.06 in northern China (Li et al. 2016a ). Owing to the potential effects on global warming and regional air quality, BC emissions must be reduced. Different sector BC emissions have different temporal variations and spatial distributions , and the BC DRFs and climate effects are also varied. Recent studies have indicated that BC DRFs are highly dependent on their concentrations (Li et al. 2016a ), but BC DRF climate effects may not be concentration-dependent (Sadiq et al. 2015) . Thus, it is necessary to further study the direct effects of sector-dependent BCs in East Asian, which is advantageous to further understand BC effects and provide a reference for formulating BC emission reduction strategies.
In this study, we consider BC emissions from four source sectors over East Asia. The four sectors include residential (ResBC), industrial (IndBC), power (PowBC) and transportation (TraBC). We investigate the BC aerosol optical depth (AOD), DRF and corresponding climate responses from these sectors using a new version of the regional climate model RegCM4 ) combined with the Multiresolution Emission Inventory for China (MEIC) . The model description and methods are described in Sect. 2. The simulation results are shown and discussed in detail in Sect. 3. Finally, the conclusions are provided in Sect. 4.
Methodologies
2.1 Description of the regional model RegCM4
Regional models have higher resolutions and stronger performances in reproducing realistic small-scale features of the climate than global models, as indicated in Denis et al. (2002) . In this study, we use an updated version of the regional climate model RegCM4 ) developed by Abdus Salam International Centre for Theoretical Physics (ICTP). RegCM4 and its earlier versions have been widely used (Giorgi et al. 2002; Wu and Fu 2005; Li et al. 2009; Solmon et al. 2012; Wang et al. 2015) . RegCM4 has much more comprehensive modes than RegCM3 in describing anthropogenic and natural processes involving trace gases (such as ozone) and aerosols. In the current version, a gas phase chemistry module with a Carbon-Bond Mechanism version Z (CBMZ) mechanism has been included to simulate trace gases (Shalaby et al. 2012) . A thermodynamic equilibrium model ISORRO-PIA (Fountoukis and Nenes 2007) has been coupled to address inorganic aerosols (Li et al. 2016c ), although the model can address sulfate aerosols by the scheme of Qian et al. (2001) , which describes the chemical conversion between SO 2 and sulfate, associated with carbonaceous aerosol parameterization. A volatility basis set (VBS) model has been implemented to illustrate the gas-particle partition process and the optical properties of secondary organic aerosols (SOAs). SOAs were also considered . Additionally, RegCM4 includes new schemes of land surface, boundary layer, aerosol indirect effects and more (Li et al. 2016c ). Detailed descriptions of the above aerosol treatments can be found in the references listed above and in Solmon et al. (2006) . The radiative transfer package, which is from the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM3) (Kiehl 1996) , is included to estimate the aerosol DRFs.
Optical depth of BCs
The carbonaceous aerosol DRF is mainly determined by the optical depth. The BC AODs at different wavelengths i ( ) in RegCM4 are estimated as follows (Kasten 1969): where is the wavelength. i denotes different BC species (including hydrophilic and hydrophobic species). C i and i are the mass concentration (μg/m 3 ) and the λ-dependent
RH is the relative humidity, and i is the hygroscopic growth factor of BC i. i is set to 0 for hydrophobic BC and 0.25 for hydrophilic BC. Detailed descriptions can be found in Huang et al. (2007) . Detailed descriptions of BC physical and optical property treatments can be found in Solmon et al. (2006) .
Inventory and experiments
An emission inventory of aerosols and trace gases from 2010 ) is used. This inventory was compiled by Tsinghua University, who also developed an earlier trace gas and aerosol emissions inventory in 2006 based on a series of improved methodologies (Zhang et al. 2009a) . Figure 1 shows the annual mean BC emission rates (in Tg/year) from residential, industrial, power and transportation sectors over East Asia, and the figure suggests that BC emissions from different sectors have different magnitudes and spatial distributions. Both India and China have high residential emissions, while the industrial and transportation emissions are much higher in China. The power sector emissions are the lowest among the four sectors. Figure 1 suggests that BC emissions are significantly inhomogeneous in space and high in northeast India and northeast and southwest China. Overall, the ResBC emission rate is higher than the IndBC emission rate, although the peak rates are larger for the latter, especially in northern China. The total BC emissions BC emissions over East Asia vary substantially by season, predominated by the variation in ResBC emissions, higher during cold seasons and lower in summer (Fig. 2 ). In Fig. 2 , the sectoral BC emissions are further separated into four regions: R1 (34-45°N, 110-125°E, covering north China), R2 (20-34°N, 110-120°E, covering parts of south and east China), R3 (25-35°N, 100-110°E, covering southwest China) and R4 (20-28°N, 83-93°E, covering most parts of east India). During summer, the seasonal residential, industrial, power and transportation emissions over the study region account for corresponding annual emissions of 20.31%, 25.55%, 25.21% and 24.26%, respectively. The BC emissions from India show a weak seasonality.
The simulated area is shown in Fig. 1 . The centre of the domain is (106.0°E, 29.5°N), and the resolution is 60 km. There are 18 vertical σ-coordinate layers. The pressure is set to 5 hPa at the top of the model. The weekly mean sea surface temperature (SST) used in this model is from the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation (OI) SST V2 (Reynolds et al. 2002) and is maintained as a fixed value when investigating BC effects. The National Centers for Environmental Prediction (NCEP) reanalysis data (NNRP2) are employed to drive the model. RegCM4 is integrated from 1995 to 2007 with a spin-up time of 1 year. The analysed results focus on only the summer months. To understand the regional climate responses to different sector-emitted BCs in East Asia, one control (Exp. 1) and five sensitivity experiments (Exp. 2-6) were conducted as shown in Table 1 . Exp. 1 excludes the BC effects while Exp. 2, 3, 4, 5, and 6 consider the direct effects of BCs from residential, industrial, power, transportation and all sectors combined, respectively. Although the current version of RegCM4 can address nearly all trace gases and aerosol species by complex chemical and physical processes, as mentioned in Sect. 2.1, only sulfate and carbonaceous aerosols are considered in the experiments shown in Table 1 . 
Results and discussion
RegCM4 has been proven to essentially capture East Asian climate features and surface BC variations in China Sun et al. 2012; Zhou et al. 2014; Yin et al. 2015; Li et al. 2016c; Zhuang et al. 2018b ). For detailed discussions on the validations in RegCM4 in East Asia, please refer to Zhuang et al. (2018b) . Therefore, to avoid duplication, comparisons between simulations and observations that have been introduced in previous studies are not shown here.
The BC optical depth and clear-sky direct radiative forcing in summer
The spatial distributions of the BC AOD for different source sectors are similar to those of the emissions (Fig. 3 ). High levels of BC AODs in summer are found in north and southwest China and northeast India, with a maximum exceeding 0.05. The optical depth for different source sectors shows different magnitudes and spatial distributions. The ResBC and IndBC AODs are dominant, accounting for at least 80% of the total BC AOD over the study region. The BC AOD for the residential sector is much higher in India than in China, which is the opposite of that from the transportation and industry sectors. PowBC AOD shows the same order of magnitude in both India and China, and the PowBC AOD has the lowest value of less than 1.2 × 10 −4 in summer.
The simulated BC AOD is compared with the observed absorption AOD from the Aerosol Robotic Network (AER-ONET) and with the simulation from a global chemistry model (GEOS-Chem in Fig. 4) . The AERONET and GEOS-Chem values as well as the site information are derived from Li et al. (2016a) . RegCM4 could basically simulate the magnitudes and spatial distributions of the BC AOD, which is consistent with those from GEOS-Chem, although the simulations are somewhat underestimated. The linear correlation coefficient is 0.49 between the RegCM4 and AERONET AODs and 0.96 between the RegCM4 and GEOS-Chem AODs. The mean BC AOD averaged from the sites is 0.027 for RegCM4 and 0.023 for GEOS-Chem. Both of them are smaller than AERONET AAOD (0.043), partially because the AAOD from AERONET is additionally contributed dust and brown carbon.
BCs can cause a positive DRF at the TOA and a negative DRF at the surface. Notably, only the clear-sky DRF is estimated and output in RegCM4. The clear-sky DRF is less 
uncertain than the cloudy-sky or all-sky forcing because the clear-sky DRF excludes the cloud bias effects in the simulations. Figure 5 illustrates the clear-sky DRF of BCs for different source sectors in summer, the spatial patterns of which are rather similar to the corresponding BC AODs (see Fig. 4 ). Coakley and Chyley (1975) Over the entire study region (R0), the highest BC AOD is from the residential sector (4.1 × 10 −3 ), which is followed in descending order by the industrial, transportation, and power sectors. Among these three regions, the AODs from the residential, industrial, power and transportation sectors are all the lowest in R3 during summer. However, the ratios of DRF to AOD in R3 are the largest. The mean total BC AOD and DRFs at the TOA and surface over the entire study region (R0) are 7.4 × 10 −3 , + 0.57 W/m 2 and − 1.95 W/ m 2 , respectively, which are 2-3 times smaller than those in R1, R2 and R3. Surface DRFs are approximately 3 times stronger than the TOA DRFs for BCs. The BC AOD and DRF values in R0 are much smaller than those in R1-R3 for industrial and transportation emissions compared to residential emissions because the residential AODs in R0 are On the municipal/metropolitan scale, Zhuang et al. (2014) showed that the DRF of absorbing aerosols is approximately + 4.5 W/m 2 based on an observed absorption AOD of 0.04 and BC single scattering albedo. In this study, the regional mean TOA DRF of BCs in summer is + 1.34 W/m 2 in East Asia (100-130°E, 20-50°N) and + 2.47 W/m 2 in Nanjing, which is the capital of the Jiangsu Province in east China. Overall, the BC DRF over the entire study domain or at the urban site in this study is smaller than that of previous studies, which is possibly due to a larger simulation domain or a coarser model resolution. Similar to Li et al. (2016a) , this study provides quantified information on the fractional contributions of different source sectors to the total BC AOD and DRF over China and East Asia.
Effects of BCs on the thermodynamic fields and precipitation over East Asia in summer
The thermodynamic fields and hydrologic cycle of the atmosphere can be affected by BC heating in the atmosphere. The responses of the factors to be discussed below are from Exp. 2-6 minus Exp. 1. The figures in this section all illustrate the net effect, including the climate system feedbacks to the BC DRFs. Figure 6 presents the responses of the near surface air temperature (TA) to different sector BC DRFs over East Asia in summer. Each sector BC nearly induces regional warming in east, northwest and northeast China during summer to different degrees, which favours EASM enhancement. The TA response to BC DRFs from residential and industrial BC DRFs exceeds 0.5 K, which is larger than the BC DRFs from the other sectors (0.3 K). The TA responses to BC DRFs from the power and transportation sectors are similar in northeast China. The TA response to the BC DRFs in East Asia during summer does not increase or change linearly with increasing BC loadings. For example, the TA response to PowBC is as significant as that to TraBC, although the BC concentration from the power sector is very small. Additionally, TA changes due to single sector BCs could exceed the total BCs in some regions. Changes in TA can subsequently induce anomalies in the longwave heating rate (LWHR) (Fig. 6b ). Considerable increases (> 10 −6 K/s) in the LWHR in the lower troposphere are found in regions with increased air temperatures. Nearly all the largest LWHR responses to BCs from different sectors appear at 850 hPa in middle latitudes.
In addition to the direct heating effect of BCs (Fig. 7) , other factors (such as cloud cover anomalies and surface DRFs) can also cause changes in air temperature. Therefore, the TA response will not simply be consistent with changes in shortwave heating rate (SWHR) or DRF. As shown in Fig. 7 , considerably high BC loadings enhance solar radiation absorption, which directly leads to Figure 8 illustrates the responses of cloud amount in the lower troposphere (below 850 hPa) to different sector BCs in summer. Similarly, each sector BC induces a CA decrease in east and northeast China but increases in northeast India, although the degrees of changes vary among each other (Fig. 8 ). CA changes in these regions are approximately 1-3%. In the Hetao area of north to central China (117°E, 39°N), CA has a positive anomaly due to ResBC, PowBC and TraBC. The changes in near surface TA are more consistent with the CA anomalies than SWHR or BC DRFs. Positive/negative TA changes always appear in the regions with negative/positive CA responses. As mentioned in Zhuang et al. (2013) , the interactions between BC heating and clouds (semi-direct effect) can decrease CA to some degree and further warm the surface. Thus, the CA reductions in east China may partially result from the BC semidirect effect, especially for residential and industrial BCs, and this leads to more solar radiation reaching the surface, which induces local warming. Additionally, atmospheric circulation anomalies due to the warming effect of BCs may also contribute to CA changes, which can further affect precipitation.
The atmospheric circulation is also affected by the BC warming effect, as shown in Fig. 9 , which presents the to the BC warming effect favour EASM enhancement. The wind fields responses in the lower layers of the troposphere can affect moisture transportation, and clouds and precipitation formation. In south China, where a convergence anomaly formed, the CA can increase to a certain degree. Positive changes in CA are relatively weaker in the east Hetao region due to IndBC than due to ResBC, which may result from a stronger TOA DRF of industrial BCs (Fig. 5 ) and a weaker convergence anomaly (Figs. 9, 10b ).
In the vertical direction, each sector BC (Fig. 7a ) in the region from north India to the southern slope (approximately 85°E) of the QTP can induce a relatively consistent anticlockwise zonal circulation anomaly regardless of strength (Fig. 10a) , which is accompanied by a convergence rising anomaly (Fig. 9 ). This phenomenon is described as an "elevated heat pump" (EHP) effect as suggested by . The EHP effect could further affect the atmospheric circulation in East Asia, as indicated by Sun et al. (2012) , which is also found in this study, as shown in Figs. 9 and 10b. In contrast, the perturbed circulations due to different sector BCs show more differences among each other in East Asia than in the south QTP region, and these circulation changes are not consistent with emissions (Fig. 9) . The southerly or southwesterly anomaly can become more substantial in southern China if there were considerable BC loadings in East Asia. Thus, changes in the southwest wind at 850 hPa induced by PowBC are more southerly (Fig. 9 ). Figure 10a further indicates that there is also a strengthened upward motion over East Asia (at approximately 115-120°E), which mostly depends on BC DRFs or SWHR. Each sector BC can also induce an anticlockwise meridional circulation anomaly in the middle to low latitudes over East Asia during summer, although differences exist (Fig. 10b ). Possibly due to the effect of the East Asian BC, the most significant ascending motion anomaly appears at around 25°N due to ResBC, IndBC and TraBC, whereas the anomaly appears at approximately 20°N due to PowBC. Figure 10b may also indicate that BCs over East Asia can further strengthen the meridional circulation anomaly (more northerly), although Indian BCs have influences to degrees. Considerably strong upward motion anomalies in the lower troposphere favour cloud formation to some extent (Fig. 8) .
Changes in the atmospheric thermal field and circulation due to the BC warming effect can further affect cloud formation (Fig. 8) and precipitation (Fig. 11) . BCs from all the sectors can lead to an increase in rainfall from northeast India to the Bengal Bay (exceeding 0.4 mm/day), as well as in south China (larger than 0.15 mm/day) during summer. The positive changes in precipitation due to the residential and industrial BCs are more significant than those due to power or transportation BCs in south to central China. These changes could extend to northern China, especially for residential BCs. Due to the BC warming effect, precipitation decreases (by approximately 0.15 mm/day) in east China (including the lower reaches of the Yangtze River), where cloud amounts in the lower troposphere are reduced. Additionally, precipitation from northeast China to the Japan Sea also increases to a certain degree due to an anticyclone (or convergence) anomaly. Local floods induced by BCs are mostly from an increase in moisture transportation or a convergence anomaly, and vice versa, as seen in the comparison between Figs. 9 and 11 . The BC semi-direct effect may further decrease rainfall (Zhuang et al. 2013 ). Menon et al. (2002) noted that increases in summer precipitation in southern China may result from BC emissions in Asia. and Meehl et al. (2008) suggested that the BC warming effect could increase the summer precipitation in south Asia while decreasing it in East Asia. The results in this study are consistent with those of earlier studies, although a different model is used. The results of this study further imply that the precipitation responses to different BC emissions are nonlinear and complicated over East Asia, mostly depending on the changes in atmospheric thermodynamic field responses. Thus, a considerable change in precipitation could be found in some regions even though the BC concentrations were small. Comparisons among Figs. 8, 9, and 11 suggest that both clouds and precipitation can be affected by circulation perturbations. However, clouds without precipitation seem to decrease more substantially than the rain clouds in regions with high BC loadings, which are possibly linked to the BC semi-direct effect. Subsequently, CAs are decreased more significantly than precipitation in some regions, and CAs tend to show the opposite changes as the precipitation anomalies in other regions due to the BC effect.
Due to the BC direct and semi-direct effects, surface warming is found from east to northeast China (Fig. 6a) , which subsequently results in a higher planetary boundary layer height (PBLH), with an increment of more than 25 m (Fig. 12) . BCs from almost all sectors can induce a deeper planetary boundary layers (PBLs) in these regions, although differences exist among the sectors. The PBL responses to ResBC and IndBC extend to southern China. Similar to the changes in TAs, the PBL can become shallower from northern China to southeastern Mongolia due to the ResBC influence. The PBL is also sensitive to the BC DRF from the power sector. The PBL responses to the BC loadings are also nonlinear and complicated over East Asia in summer. The change in PBLH from the total BC DRF is less significant over East Asia than that from a single sector, suggesting the complicated effects of BCs on the East Asian climate. Table 3 summarises the regional mean responses of TA, precipitation, low layer CA and PBLH over East Asia during summer. As presented in the figures above, substantial changes were mostly found in south (SC: 18-26°N, 105-117°E), east (EC: 26-36°N, 115-122°E) and north (NC: 36-45°N, 110-120°E) China. Thus, the summaries are focused on these three regions. Nearly all sector BCs could lead to surface warming, a deeper boundary layer, and less cloud cover in the lower troposphere in these three regions. Changes in rainfall are different among NC, SC and EC. The TA and CA responses are much stronger in EC. The changes in TA, precipitation, CA and PBLH due to the total BCs, averaged over the three regions, are + 0.14 K, + 0.01 mm/ day, − 0.52% and + 2.65 m, respectively. BCs from each sector can lead to considerable regional climate changes over East Asia in summer, appearing nonlinear to aerosol loadings, although differences exist among these sectors, which Table 2 and northeast India (20-28°N, 83-93°E)] to the AOD over the entire study region (R0 in 
Brief discussion
The results above indicate that aerosols may have a significant influence on the East Asian climate in summer, which is consistent with the findings of Li et al. (2007) and Wang et al. (2015) . Monsoon climates may also substantially affect aerosol loadings (Zhang et al. 1997; Corrigan et al. 2006; Bao et al. 2008; Zhu et al. 2012; Wang et al. 2015; and others) . Zhang et al. (1997) noted that source areas of Asian dust aerosols were shifted by large-scale atmospheric circulation. Zhu et al. (2012) suggested that more serious air pollution over east China may be related to EASM weakening. Therefore, the atmospheric circulation and precipitation responses due to BCs may further influence the air quality over East Asia.
A substantial number of studies on BC DRFs and associated climate effects have been conducted (such as Qian et al. 2003; Zhang et al. 2009b; Zhuang et al. 2013; Wang et al. 2015; and others) . These studies suggested that the BC warming effect could lead to local warming, hence offsetting the stabilising effects of aerosols and strengthening the land-sea thermal contrast in summer. Additionally, the EASM circulation was enhanced, subsequently affecting regional or local cloud amounts and precipitation. The results of this study show similar BC effects. In addition, they suggest that the PBL can become deeper over East Asia in summer due to the BC warming effect.
The results of this study further suggest that regional climate responses to BCs in most places are complicated and inconsistent to BC emissions. PowBC can also cause substantial responses of TA, CA, rainfall and PBLH in some regions in summer. Sadiq et al. (2015) suggested that the perturbed atmospheric circulation by BC might play an important role in such nonlinear climate responses. They indicated that circulation anomaly could substantially overpass the warming tendency of BC exerted on the atmosphere. Results here additionally imply that the regional climate feedbacks might strengthen the nonlinearity because, in addition to the BC heating directly, air temperature response might also have a substantial influence on atmospheric circulations. Therefore, the atmospheric circulation anomalies due to PowBC can be also significant (Figs. 9, 10) when the climate feedback is allowed to occur. However, the atmospheric circulation responses to different sector BCs are different from each other. The anomaly is weaker in south Asia and located at more southerly region in East Asia if the BC emission rate is smaller. As presented in previous section, both CA and rainfall (subsequently TA and PBLH) changes are highly associate with the atmospheric circulation anomalies, which results in their responses being also inconsistent to BC emission rates. Results also imply that a thermal disturbance in the QTP region and surrounding area might be important to the climate change in the Asian region. All sector BCs emitted in the region from northeast India to the southern slope of the QTP have induced a consistent circulation change, with convergence and upward motion anomalies, which may further adjust the circulations in East Asia to different extents. This finding is also presented in Sun et al. (2012) , Jiang et al. (2017) and Tang et al. (2018) . In East Asia, which are possibly affected by local BCs, the climate anomalies due to different sector BCs show less consistency.
In examining the direct effects of BCs from different source sectors, there are a few limitations in this study. First, the simulated period is only approximately 10 years due to the heavy computational expense of the multiple sensitivity experiments. Second, a fixed SST can cause biases in the temperature gradient between the land and oceans (Sanap and Pandithurai 2015; Xu and Xie 2015; Wang et al. 2017) and subsequently the monsoonal climate changes . The temperature responses induced by the aerosols would be different over the region if the SST feedbacks were considered. Therefore, the enhanced land-sea contrast induced by BC absorption may be weakened in summer to some extent. A more detailed description on the fixed SST limitations could be also found in Xu and Xie (2015) . Third, the regional model could not address the BCs from areas outside the study domain. Fourth, BC indirect effects are not considered in the simulation. Finally, scattering aerosols may also be different among different source sectors and cause different regional climate responses over East Asia, which is also not considered. These issues should be addressed in future studies.
Conclusions
We have studied the effects of BC emissions from different sectors on the AOD, DRF, and climate effects over East Asia in summer using a new version of the regional climate model RegCM4. We separated the BC emissions into four sources: residential, industrial, power and transportation.
Overall, high levels of the total BC AOD are found from east to north and southwest China and northeast India in summer. Over the entire study region, the contribution of residential and industrial BCs are greater than 85%, while the BCs from the power sector contribute only 0.19%. Different sector BCs show different spatial variations. The BC AODs from the residential sector are much higher in India than in East Asia, which is the opposite of TraBC and IndBC. BC aerosols usually cause a positive TOA DRF and a negative surface DRF. The spatial variations in the BC DRF from the different sectors are similar to their corresponding BC AODs. However, BC DRFs would be strengthened on brighter surfaces in the region. The regional mean BC AOD and clear-sky TOA DRF in summer are approximately 0.007 and + 0.57 W/m 2 , respectively, over the entire study region, and these values are 0.02 and + 1.34 W/m 2 , respectively, over East Asia.
Due to the absorption of BCs, the SWHRs are considerably increased, especially in high BC regions and layers. An increase in SWHR generally favours a positive TA change, and vice versa. Overall, each sector's BCs may cause a warmer near surface atmosphere, larger land-ocean temperature gradient, deeper boundary layer and less cloud coverage in the low layers over most regions of East Asia, which further results in summer monsoon circulation enhancement and a subsequent increase in rainfall in south China and a decrease in east to northeast China. The TA response was not simply consistent with the change in SWHR or DRF because the TA is also affected by climate feedback. The near surface air temperature is increased by 0.2 K, and the rainfall decreased by approximately 0.01 mm/day in east China due to the total BC emissions.
The results further indicate that regional climate responses are highly nonlinear to BC loadings. Each sector's BCs over Asia could result in considerable regional climate changes, possibly linked to the perturbed atmospheric circulations and regional climate feedback. The nonuniformity of the spatial distribution of BC loadings may also have substantial effects on the climate responses in East Asia, especially in southeast China. Further analyses and investigations should be conducted in future studies to determine these issues. The results of this study allow us to better understand the BC effects on the East Asian climate. The results may provide a scientific reference for regional air pollution control and BC emissions reduction planning over Asian regions.
